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ABSTRACT
Metal additives are commonly added to explosives to increase the potential
heat release and cause longer blast overpressures. However, the
theoretically achievable benefits of the metal additives are not fully realized
due to the relatively long ignition delays and slow combustion rates of the
system. Mechanically alloyed energetic systems have potential to improve
combustion behavior as compared to their pure metal counterparts. The
alloys can also be tailored for specific applications by varying the
compound constituents.
Ti-B and Al-I2 mechanically alloyed compounds are of specific interest
due to their potential use in explosives designed for the defeat of biological
weaponry. The Ti-B system is a highly energetic compound as energy can
be released due to the oxidation of either metal constituent or the
intermetallic reaction producing TiB2. It is capable of generating long
lasting high temperature fireballs after the initial blast, which is ideal for
defeating biological weapons. The Al-I2 system is similarly suited for the
defeat of biological weapons due to high combustion temperatures and the
addition of iodine which has known biocidal capabilities.
This study looks at the behavior of small (10 µm and smaller) particles
of Ti-B and Al-I2 mechanical alloys and compares the performance of each
to baseline samples of aluminum and titanium boride (TiB2) using a
heterogeneous shock tube. The dispersed cloud of individually burning
particles is analyzed using photometry, pyrometry, and emission
spectroscopy to determine important quantifiable combustion
characteristics such as temperature, burning time, ignition delay, and
reaction intermediate species.
The heterogeneous shock tube is a highly controlled experiment that
provides explosive loading conditions during which measurements can be
made on small scale samples in well known ambient conditions. This allows
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the determination of fundamental combustion parameters that cannot be
determined in larger scale testing environments where many factors can
affect performance. The resulting data provides insight into the combustion
mechanisms that can be scaled and used in modeling efforts.
The results found that the mechanical alloys showed improved ignition
characteristics with respect to the base line test samples. The burning
times, temperatures, and intermediate species, previously unknown for the
mechanical alloys, were quantified and found to be similar to the baseline
cases. The emission spectroscopy provided knowledge of potential key
combustion diagnostic species. The pyrometry measurements give insight
into the condensed phase temperatures present during the combustion
process, and the burning time measurements give valuable spatially
resolved high speed imaging of the entire event.
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CHAPTER 1
INTRODUCTION AND LITERATURE
REVIEW
The primary purpose of the following work is to measure the ignition and
combustion behavior of Ti-B and Al-I2 mechanically alloyed compounds in
a controlled explosive simulated environment. To do this a heterogeneous
shock tube is used to produce explosive loading conditions. Optical
diagnostic methods are used to determine temperatures, burning times,
ignition delays, and gas phase intermediate species. The following will
discuss the motivation for this work and review the combustion mechanisms
of the metals in the mechanical alloys being considered.
1.1 Research Motivation
Metal powder additives are commonly added to high explosives (HE’s) and
solid rocket motor (SRM) propellants as a method of increasing the
energetic performance of the system mixture. Metal powders have a high
heat of combustion and are capable of greatly increasing the temperature
and energetic release of explosive systems. Aluminum is traditionally the
most common metal additive due to the fact that it has a relatively high
energy density and modest combustion performance. Recently, the concept
of mechanically alloying different metals together to improve the
performance of additives has been investigated. Results have shown
improved combustion behavior as compared to pure metal counterparts
using the mechanical alloying procedure to induce earlier ignition [2]. The
alloys can also be tailored for specific applications by varying the
compound constituents.
Ti-B and Al-I2 mechanically alloyed compounds are of specific interest
due to their potential use in explosives designed for the defeat of biological
weaponry. The Ti-B compound is highly energertic due to the presence of
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boron. Boron is the second most energetic metal additive on a per mass of
fuel basis (beryllium is first), but it is slow to ignite and burn. Titanium is
more readily ignited but is less energetic. Titanium dioxide also has known
photocatalytic properties which are ideal in biocidal applications [3]. The
combination of the two provides a potential marriage of the best attributes
of each. The potential heat release from the titanium oxidation and the
exothermic intermetallic reaction between titanium and boron is expected
to assist the ignition and oxidation of the boron particles. The compound is
ideally suited for biocidal applications due to the long lasting high
temperatures produced by the heterogeneous burning of boron and the
photocatalytic properties of titanium oxide. The alloy also finds potential
use in structural materials that react upon impanct to enhance the yield of
conventional munitions.
The Al-I2 alloy is similarly designed for potential use in the defeat of
biological weaponry. Iodine and iodine oxides have known biocidal
properties [4]. Previous research has been performed on the aluminum and
iodine pentoxide thermite reaction which was shown to be an effective way
of transporting the condensed phase of iodine for the defeat of biocidal
spores [5]. The Al-I2 mechanical alloy was also shown to be an effective way
to transport condensed phase iodine at temperatures above the
vaporization temperature of iodine [6]. In the thermite and mechanical
alloy forms the oxidation of the aluminum provides the primary energetic
component and produces high temperatures. The iodine (I2) gas provides
the predominant biocidal component. The iodine also has the potential to
oxidize the aluminum upon release and potentially enhance the combustion
and ignition behavior.
1.2 Aluminum Combustion
Aluminum combustion has been studied very extensively because of its use
in solid propellants for SRM’s. This work has led to a strong understanding
of the aluminum combustion mechanism. Aluminum exposed to air is
coated by a thin (0.5-4 nm) aluminum oxide layer that inhibits the ignition
of the particle [7]. The ignition point can be defined by the ambient
conditions at which the exothermic chemical reaction between the particle
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and the oxidizer is sufficient to raise the local temperature and reaction
rate. Many factors affect the reaction rate between the oxidizer and
aluminum particle including: ambient temperature, diffusion rates of
aluminum and oxidizer through the oxide layer, particle size, oxidizer
concentration, heating rates, and more [7].
For relatively large particles (∼100 µm), temperature is the primary
ignition controlling parameter. For these size particles, ignition does not
occur until the oxide layer has melted. Melting of Al2O3 occurs at 2300 K
under atmospheric pressures. Until the oxide layer is melted, diffusion
limitations render the heat release of the chemical reaction too small to
self-sustain a temperature and reaction rate rise. As the particle size
decreases the surface area to volume ratio increases and a deviation from
the constant temperature ignition model occurs. Ignition has been seen to
occur at temperatures below 2300 K for sub-micron size particles [1].
Multiple models have been presented to explain the ignition of particles in
this diameter range including those considering particle stresses and phase
transformations [8, 9]. These models will not be elaborated on here, but it
was shown that as the particle size gets smaller a larger percentage of the
total particle mass reacts at the surface causing ignition [9].
After ignition is achieved the particle continues to combust until all of
the aluminum has been oxidized. The combustion can occur in various
flame structures which also depend on the particle size. For large particles
the flame resembles the classical droplet diffusion flame with gaseous
aluminum diffusing radially outward through the oxide layer. The primary
reactions occur homogeneously in the gas phase and can be seen in
Equations 1.1 - 1.4 for the aluminum/oxygen system. Figure 1.1 depicts the
homogeneous aluminum combustion mechanism [1].
Al(g) +O2 → AlO +O (1.1)
AlO +O2 → AlO2 +O (1.2)
2AlO +
1
2
O2 → Al2O3(l) (1.3)
3
AlO2 + AlO2 → Al2O3(l) + 1
2
O2 (1.4)
Figure 1.1: Diagram of diffusion flame structure for aluminum
combustion
As the particle become smaller the flame front moves closer to the
particle surface because diffusion to the surface becomes fast relative to the
reaction rate on the small length scales. Figure 1.2 is a diagram of the
surface flame structure with the corresponding temperature profile [1]. The
peak temperature seen in this combustion flame structure is not much
greater than the ambient temperature. These type of flames have been seen
for larger particles burning in CO2 [10].
1.3 Boron Combustion
Boron combustion has also been well studied because it is the second most
energetic metal on a per unit mass of fuel basis behind only the toxic
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Figure 1.2: Diagram of surface flame structure for aluminum
combustion
beryllium. Boron, similar to aluminum, has an oxide layer surrounding the
outside of the particle. However, boron combustion follows a significantly
different combustion mechanism than that seen in the case of aluminum.
Boron dioxide (B2O3) has a lower volatilization temperature (∼2300 K)
than boron (∼3900 K) and therefore doe not meet the Glassman criteria for
gas phase combustion [11]. For efficient combustion of boron the boron
oxide layer must first be removed. When the oxide layer is present the
reaction rate is not sufficient to volatilize the B2O3 that has been formed
under most circumstances; because of this the ambient temperature must be
near the saturation temperature of boron oxide for boron to combust [11].
After the boron oxide layer is removed the combustion rate is primarily
controlled by surface reactions. The surface controlling reactions as
described by Zhou et al. can be seen in equations 1.5 - 1.9 below [12].
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2B(s) +O2 → 2BO (1.5)
B(s) +O2 → BO2 (1.6)
2B(s) +O2 → B2O2 (1.7)
B(s) +BO2 → 2BO (1.8)
B(s) +BO2 → B2O2 (1.9)
Boron combustion is inherently slower than aluminum combustion
because it is controlled by surface reactions. This is one of the reasons
aluminum is more commonly used in many applications. Boron combustion
is also inhibited in the presence of water vapor because the stable
intermediate species metaboric oxide (HOBO) is formed as seen in
Equation 1.10 below. The reaction from HOBO to BO2 occurs very slowly
and thus the full heat of reaction of boron is often not realized.
M +BO +OH → HOBO +M (1.10)
1.4 Titanium Combustion
It has been proposed that due to the excellent photocatalytic efficiency of
titanium dioxide (TiO2), that it could be expoloited to destroy biological
pollution in the atmosphere [3]. The combustion of titanium in the
atmosphere would form a cloud of TiO2 nanoparticles following the overall
reaction seen in Equation 1.11.
Ti(s) +O2 → TiO2(s) (1.11)
Similar to boron, titanium combustion is primarily controlled by surface
reactions since the maximum adiabatic flame temperature of titanium in air
is approximately 3400 K and the volatilization temperature of titanium is
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3560 K. It has been found that during the surface mode of combustion in
air, oxygen and nitrogen are adsorbed into the liquid titanium particle and
form a liquid Ti-O-N solution in the droplet where they react. The reaction
is seen to terminate with droplet explosion [3].
Depending on the oxygen concentration and temperature, oxides other
than titania (TiO2) may be formed such as TiO, Ti2O3, and higher oxides.
These oxides do not have photocatalytic properties. Greater amounts of
TiO2 are produced as the oxygen mole fraction is increased.
The titanium ignition temperature is expected to correspond to the
melting point of the metal and metal oxide (∼2000K). At this temperature
the particle begins to form the molten droplet solution of Ti-O-N and
titanium oxide products. Titanium burning times are much longer than
aluminum and are similar to those for boron. The burning times are highly
dependent on ambient temperature, heating rate, and oxidizer
concentration.
1.5 Mechanical Alloying
Mechanical alloying combines elemental constituent components together
with the end result being a composite material of the two (or more)
starting materials. Mechanical alloying is a widespread technique used to
create many different types of alloys and metastable composites with
various structures and properties. The technique uses a high energy mill,
such as a stirred ball mill, which contains both the powders to be combined
and an impactor material of a chosen size. High density stainless steel balls
are commonly used to cause the deformation required to combine the
elemental materials.
The process used to combine the alloys considered in this study is known
as arrested reactive milling (ARM) and was developed at the New Jersey
Institute of Technology by Professor Ed Dreizin. ARM is a method for
producing energetic metastable nano-composite material. The milling is
stopped when the components have been compositionally homogenized to
produce nanocomposite powder. Samples are obtained just before
spontaneous reaction would have occurred during milling so that the
reaction can be controllably initiated later. Initiation time is experimentally
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determined using a parametric study. Samples are milled for 90% of the
determined spontaneous initiation time to be considered fully milled [13].
In the Al-I2 mechanical alloy it was previously shown that the iodine is
held in the mechanical alloy in multiple forms. Iodine release from the
mechanical alloy corresponds to the evaporation of AlI3 and I2 indicating
iodine is stored within the alloy in both phases. The primary mass loss of
the mechanical alloy corresponded to the evaporation temperature of I2
showing this to be the primary iodine release phase [6].
Formation of the Ti-B mechanical alloy is difficult because ideally the
materials are alloyed without reacting together to produce TiB2 via the
exothermic reaction seen in Equation 1.12. If TiB2 is formed in the milling
process the compound must be disassociated before combustion can occur.
For this reason arrested reactive mechanical alloying is best suited to create
the compound. Zhang et al. successfully showed the creation of Ti-B
composites [2].
Ti+ 2B → TiB2 (1.12)
The current research utilizes Ti-B and Al-I2 mechanical alloys produced
using the arrested reactive milling technique to investigate their
performance in the heterogeneous shock tube compared to their non-alloyed
counterparts aluminum and TiB2 compound.
1.6 Previous Work
Most work in the area of Ti-B reactive materials has focused on the
creation and classification of the mechanical alloys. The performance of
Ti-B composite energetics was analyzed in a methane flame experiment by
Trunov et al. The study compared combustion of Ti-B (both a composite
and a powder blend) and aluminum in various methane/air concentrations
and various oxidizing environments. They showed that the combustion
energy and the burn rates of the Ti-B mechanical alloy were higher than
the aluminum for all gas mixtures considered. It was also seen that in both
wet and dry gaseous environments the Ti-B nanocomposite alloy achieved a
more rapid and efficient combustion than aluminum powder when ignited in
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any flame concentration. These are important findings because the main
fault with boron combustion is that it burns relatively slowly. However, the
methane flame experiment cannot simulate the rapid heating rates seen in
an explosive environment and therefore the materials will be further tested
in this study in the heterogeneous shock tube.
The Al-I2 compound has not been investigated under high heating rates
to determine what role the addition of iodine plays in the ignition and
combustion compared to aluminum particles. The addition of halogens such
as fluorine to metal combustion environments have been studied in the past
and have shown to effectively disrupt the oxide layer and improve ignition
characteristics in particles such as boron [14].
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CHAPTER 2
EXPERIMENTAL METHODS
The experimental methods used to study the Al-I2 and Ti-B reactive
materials are described in detail below. The shock tube facility has been in
operation since the early 1990’s under the advisement of Professor Herman
Krier, Professor Rodney Burton, and Professor Nick Glumac. It has been
detailed in multiple previous publications with various improvements upon
each iteration, most recently by Lynch [15]. The shock tube apparatus,
operation, particle injection, and test conditions are outlined in detail
below. This discussion is followed by a detailed description of the
diagnostics, setup, and instrumentation implemented in the experiment to
make the ignition and combustion measurements.
2.1 Shock Tube Operation
The details of shock tube theory are well understood and can be found in
entire texts devoted to the subject [16]. The facility at the University of
Illinois, Urbana-Champaign is termed a heterogeneous shock tube due to
the fact that it contains a mixture of gases and condensed phases. The
shock tube is capable of generating highly controlled elevated temperature
and pressure conditions with various oxidizers. Previously, aluminum has
been the primary condensed phase investigated in the facility using H2O,
CO2, and O2 as oxidizers [1, 15]. The shock tube has a converging section
to accelerate the shock speed and uses a duel diaphragm burst
methodology. The driver section has a 16.5 cm inner diameter and is 3.05 m
long. The driven section has an 8.9 cm inner diameter and is 8.38 m long.
In brief, the shock tube is used to generate an elevated temperature and
pressure environment behind the incident shock which is then further
elevated behind the shock that is reflected off of the end wall. The shock is
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driven by high pressure helium. Temperatures between 1000-4000 K and
pressures between 1-40 atm are achievable in the shock tube by varying the
driven section and driver section pressures. Temperature, pressure, and
oxidizing environment can be changed nearly independently of one another.
The test time behind the reflected shock in the shock tube refers to the
duration of time between the moment the incident shock hits the endwall
and the moment the same shock wave hits the end wall again after
reflecting off of the contact discontinuity. The test time depends on the
shock velocity, but is typically 2 ms in the facility described. After the test
time the ambient conditions can no longer be accurately described. Behind
the reflected shock the ambient gas and particles stagnate. Larger particles
with more momentum take longer to completely stop behind the reflected
shock, but the particle cloud is typically on the order of 2-4 cm wide in the
axial direction.
Figure 2.1 shows a schematic of shock tube operation using the sapphire
end section. There are multiple end sections that can be used on the shock
tube which will be described in detail in the following sections. The
particles are injected immediately before diaphragm rupture. As the shock
travels through the particles, they are swept towards the end wall and
exposed to the incident shock ambient conditions. The shock then reflects
off of the end wall and again travels through the particles. The particles are
immediately stagnated very near the end wall where they burn in the
elevated reflected shock conditions during the test time.
Figure 2.1: Schematic of shock tube with radial injection and
sapphire optical end section (top view) [15]
The test time and ambient conditions are determined by measuring the
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shock speed velocity using four piezoelectric pressure transducers. Figure
2.2 below shows an example of the transient pressure profiles used to
calculate the velocity. The distances between each transducer are
accurately known and the pressure trace gives four very decisive time of
arrival measurements. Using this information, three velocities can be
calculated for the midpoints between the four pressure transducers. The
velocity decreases slightly (∼10 m/s) as it progresses towards the endwall
due to friction. This trend is fit to a first order approximation, and the
endwall velocity is determined. Using the velocity, initial driven pressure,
and initial temperature the incident and reflected shock parameters are
calculated using the Gordon-McBride equilibrium calculation.
Figure 2.2: Transient pressure trace used to calculate the incident
shock velocity
The particles are radially injected into the shock tube using a
pneumatically driven piston as shown in Figure 2.3. Approximately 1-5 mg
of powder is loaded into the particle loading insert. Injecting this amount of
powder ensures that particle spacing within the test environment is large
enough such that each particle burns independently of others. The
pneumatic ram is triggered electronically. The ram slides down cylinder
toward the powder loading insert which is locked into place with a set
screw. The powder becomes entrained in the rapid flow traveling from the
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injector body through the powder insert. The flow travels into the shock
tube through a 60 µm mesh that further disperses the powder upon entry.
The powder remains suspended in the test gas until shock passage due to
the small particle size. Previous study has shown that the cross injection
system provides a reasonably dispersed particle cloud with some shock tube
wall impingement [1]. The particles that impinge upon the shock tube wall
do not end up in the test section due to wall drag, and therefore do not
affect measurements.
Figure 2.3: Exploded view schematic of cross injector used for
radial particle injection [1]
The driven gases are mixed in a mixing tank prior to filling the shock
tube. The gases are allowed to mix while the shock tube is being vacuumed
down. After purging the shock tube with the mixture to be used in the test
the shock tube is vacuumed, the gases are filled, and the shock tube valve is
closed. When water vapor is to be used in the oxidizing environment it is
added separately from the gases in the mixing tank. Water vapor is not
introduced into the mixing tank to avoid condensation on the mixing tank
walls. When using water vapor, the shock tube is heated using resistance
heating to approximately 30 ◦C to avoid condensation and the pressure is
maintained below 110 torr.
Multiple end sections were used in these experiments. Spectroscopy,
pyrometry, and photometry for ignition were performed using the sapphire
view port end section. This end section is ideal for multiple measurements
due to its multiple viewing angles, but it does not give much axial coverage.
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Spatial resolution is important for burning time measurements due to
particle motion behind the reflected shock, therefore, burning time
measurements were taken using a full optical access end section made of
acrylic. This end section, in conjunction with a high speed camera, give the
spatial resolution necessary to make accurate burning time measurements.
The high speed camera does not have the temporal resolution or sensitivity
of the filtered photodiodes used for ignition which will be discussed later.
Figure 2.1 shows the shock tube operation with sapphire end section.
Figure 2.4 shows a photograph of the acrylic end section attached to the
shock tube.
Figure 2.4: Photograph of the acrylic end section attached to the
heterogeneous shock tube used for burning time measurements
[15]
2.2 Diagnostics
The shock tube is used to produce a highly controlled environment that is
used to ignite and sustain combustion of energetic particles. Multiple
diagnostic measurements are then made to determine important
combustion parameters such as temperature, burning time, ignition delay,
and intermediate gas phase species that are present. The diagnostic set-up
varied based on the measurement. Spectroscopy, ignition photometry, and
pyrometry were taken using the sapphire view port end section. Figure 2.5
shows the two different set-up configurations used for the experiments.
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Figure 2.5: Diagram of the diagnostic set-up
2.2.1 Emission Spectroscopy
Emission spectroscopy is primarily used to determine the intermediate gas
phase species emitted in these unknown systems. Not all gas phase species
emit detectable banded structures, but those that do create diagnostic
opportunities. AlO is a notable example which is used in this research and
previously [1, 15]. Emission requires that the molecule release light energy
and transition to lower energy level. The amount of detectable spontaneous
emission depends on multiple variables including temperature,
concentration, and radiative lifetime. In this study we investigate the
emission spectroscopy of the Ti-B and Al-I2 system primarily in the
ultra-violet and visible region.
The emission is collected using multiple spectrometer arrangements
depending on the resolution desired. A custom f/9 444mm focal length
spectograph with a 30 micron inlet slit was used with a 2400 gr/mm grating
for higher resolution spectra. A TRIAX 190 mm focal length spectrometer
with a 300 or 600 gr/mm grating was used to obtain lower resolution
spectra. The gratings were changed to obtain the desired resolution and
wavelength range. The spectograph is coupled to a Hamamatsu S7010-1007
back thinned CCD detector that has 128 x 1044 pixels 26 µm square.
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Emission spectra were predominantly wavelength calibrated using a Ne
calibration lamp for wavelength ranges greater than 500 nm. Other
calibration sources including a mercury lamp, iron hollow cathode,
aluminum hollow cathode, and a nickel hollow cathode were used as
needed. Atomic line peaks are found using OriginLab peak finding software
by fitting them to a Voigt profile. Once the peaks are found they were
matched to specific wavelengths and the wavelength vs. pixel relationship is
fit to a 2nd order polynomial. Typically five peaks are fit for each
wavelength calibration. Intensity calibration is accomplished using the
previously mentioned tungsten calibration lamp and fitting it to a
blackbody distribution over the known spectral range.
2.2.2 Ignition Photometry
A silicon photodiode and an interference filter are used to measure the
ignition delay by monitoring light emission from the burning particles at
specifically chosen wavelengths. For aluminum based systems the
interference filter is centered at 486 nm to capture the B-X ∆v=0 band
sequence of AlO. For the Ti-B system the interference filter is centered at
546 nm to monitor BO2 emission. Tests are also performed on the Ti-B
system with the interference filter to monitor TiO B-X emission centered at
705 nm. The interference filters have a typical bandpass of 10 nm. The
silicon photodiode is a Thorlabs model PDA 55 with switchable gain and 10
MHz bandwidth. AlO, BO2, and TiO are all intermediate species in the
conversion of metal fuel to metal oxides in the systems being considered
and are therefore indicative of combustion. Disappearance of emission of
light at these wavelengths is indicative of extinction.
The photodiode is placed 25 cm from the endwall. This position is
chosen because it ensures that ignition is seen regardless of the clouds axial
location within the shock tube. It was placed relatively far away from the
end wall to minimize change in optical collection angle as the particles
move towards the endwall.
The ignition measurements are made behind the reflected shock due to
incident shock temperature limitations. Because of this, the particles are
not igniting from an ambient condition of 300 K and 1 atm. The particles
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ignite behind the reflected shock after being exposed to an elevated
temperature and pressure behind the incident shock that varies as the
reflected shock conditions vary. The incident shock stength was such that
the particles did not ignite behind the incident shock.
The ignition delay was measured as the difference in time between the
onset of initial luminosity and the location of the full-width-half-maximum
(FWHM). This method was chosen because the luminosity trace
consistently provided a large initial peak from which the half maximum
could easily be calculated. The 10% area burn location is more affected by
particle movement and secondary combustion rises which are less indicative
of prompt ignition and therefore was not chosen as the characteristic
location for ignition.
2.2.3 Burning Time Photometry
As previously mentioned the burning time measurements are made using an
acrylic end section that allowed for full optical access. This set-up is ideal
for burning time measurements in which particle motion is an important
consideration. The acrylic section has an 8.9 cm inner diameter matching
that of the shock tube driven section. The tube walls are 0.95 cm thick. It
is mounted to the driven section using four 1/2-20 threaded rods and a
custom end wall that compresses the acrylic tube to the shock tube as the
hex nuts are threaded onto the rods. The acrylic tube is rated to hold
pressures up to ∼30 atm.
The combustion is imaged through the acrylic section using a Phantom 7
high speed camera capable of taking more than 50,000 fps. The camera is
filtered using a low pass filter with a 550 nm cutoff for the aluminum and
Al-I2 system and with a 546 nm bandpass filter for the brighter Ti-B
systems. The low pass filter decreases the amount of thermal emission seen
from the event while still monitoring the strong AlO B-X transition. Using
the low pass filter the camera is able to see emission from five of the
vibrational bands instead of a single band and therefore the ratio of
molecular AlO emission to thermal emission is maintained such that the
image is dominated by AlO emission.
Images are taken using a 25 mm focal length lens imaging the entire
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combustion area using 224x40 pixels at 50,000 fps. The spatial resolution in
the axial resolution was 2.5 mm per pixel. For burning time measurements
the intensity was vertically integrated at each time step assuming a uniform
axial distribution. The centroid of the cloud distribution is calculated with
each time step and the intensity distribution shifted by the change in
centroid location to maintain an absolute frame of reference for intensity vs.
time for specific particles. This process compensates for particle motion,
however, it cannot be used in the first few time steps while the shock is
traversing the particle cloud. User defined cut offs must be used to
determine the start and stop pixel location for calculating the cloud
centroid at each time step.
2.2.4 Pyrometry
A 3-color pyrometer previously used for aluminum combustion systems is
used to measure the condensed phase temperature within the system [15].
The pyrometer consists of a fiber bundle that collects light from the
combustion event through a slit. The cable trifurcates the light into three
channels; the light from each channel is passed through an interference filter
and onto a photomultiplier tube (PMT). The interference filters are
centered at 705, 826, and 905 nm with 10 nm bandpass width. The shorter
wavelengths are monitored using a Hamamatsu R928 photomultipliers and
the 905 nm wavelength is monitored by a Hamamatsu R636-10
photomultiplier with an IR sensitive GaAs photocathode.
The wavelengths chosen were originally optimized for the aluminum
combustion system which was shown to be absent of molecular emission. It
was necessary to similarly show that the Al-I2 and Ti-B systems were
purely thermal emission. Figure 2.6 shows the emission of the Ti-B system
in the range being considered for pyrometry. It can be seen that there is
significant TiO emission at 705 nm and therefore this wavelength was not
suitable for pyrometry. For the Ti-B system, only the 826 and 905 nm
wavelengths are used and a 2-color pyrometry temperature is calculated.
The Al-I2 system was similarly investigated and shown to be absent of
molecular emission at all three wavelengths as expected.
Pyrometry uses Planck’s law seen in Equation 2.1 below to fit a
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Figure 2.6: Emission spectrum of the Ti-B system in the range
where pyrometry measurements were taken (700-900 nm)
temperature to the distribution of intensity with wavelength. An
assumption must be made about the emissivity before the distribution can
be determined. For two color pyrometry it is assumed that the emissivity is
constant between the two wavelengths; this was used for the Ti-B system.
For three color pyrometry a linear emissivity assumption is possible due to
the extra parameter; this approach was used for the Al-I2 system.
E(λ, T ) = (λ)
C1λ
−5
eC2/λT − 1 (2.1)
The system is calibrated using an Oriel 6319 tungsten lamp. This lamp
has a known spectral output similar to a 3200 K blackbody. A Uniblitz
shutter is placed between the tungsten lamp and pyrometer during
calibration and is pulsed to open and close in under 1 ms to obtain a
temporal response similar to the actual test. Outputs of the
photomultipliers are amplified using a Stanford Research Systems Quad
preamplifier unit with a 300 MHz bandwidth. The time response of the
pyrometry system is sub-microsecond. The system is calibrated using
tungsten a calibration lamp. Noise level is typically 5-10% of the signal and
the measurement uncertainty has previously been estimated to be ±150 K
[17].
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Pyrometry is a peak condensed phase temperature measurement.
Radiation is T4 dependent and therefore the highest temperature
dominates the signal. The condensed phase dominates the emission where
molecular emission is absent because the emissivity of condensed phases is
much greater than that of gases. It is important to note that unlike the
aluminum systems previously investigated, the Ti-B system has more than
one condensed phase present and therefore the emissive properties of the
system may spatially vary an appreciable amount. Since pyrometry is
inherently a line of sight measurement, the signal will be spatially averaged
and the temperature must be interpreted accordingly. The Al-I2 is likely to
only have aluminum oxide as the primary condensed phase in the
conditions being investigated.
2.3 Particle Description
The following will provide details of the samples used in the present
research. Accurate knowledge of the size and morphology of each sample is
extremely important in the interpretation of the measurements. The
alloyed samples were received from Prof. Dreizin and his research group at
the New Jersey Institute of Technology (NJIT) where they were made using
the ARM process previously described. The baseline aluminum and
titanium boride powders were purchased from Alfa Aesar. The aluminum
and titanium boride each were purchased as -325 mesh powder with
99.999% and 99.5% purity respectively.
The samples were size selected upon receiving them using a Gilson
Company Gilsonic Automatic Sieving Machine. The machine allowed the
powder to pass through an electroformed wire mesh with 10 µm openings
but not through a mesh with 5 µm openings. Images of the samples were
taken using the JEOL 6060 LVSEM at the Center for the Microanalysis of
Materials (CMM) at UIUC. Particle size distributions were calculated by
characterizing more than 100 particles of each sample and can be seen in
2.7. Each sample will be discussed in more detail separately.
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Figure 2.7: Histogram of each particle sample. Aluminum Top
Left, Al-I2 Top Right, Ti-B Bottom Left, TiB2 Bottom Right
2.3.1 Aluminum and Al-I2
The aluminum powder received from Alfa-Aesar was found to be relatively
spherical. An example Scanning Electron Microscope (SEM) image is
shown in Figure 2.8 below. The top left of Figure 2.7 shows the histogram
of the Al particle diameters; the average particle diameter is 8.4 µm.
The Al-I2 powder had a much different morphology than the aluminum
powder due to the ball milling procedure used to produce it. Figure 2.9
shows an example SEM image of the Al-I2 powder. Determining the the
diameter of particles for the Al-I2 powder was somewhat more arbitrary
due to the non-spherical nature of the particles. To be systematic, the only
particles with clear definied edges were used. Each particle considered had
the diameter measured in two perpendicular directions and the average
diameter was recorded. The top right of Figure 2.7 shows the histogram of
the Al-I2 particle diameters; the average particle diameter is 7.4 µm.
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Figure 2.8: SEM image of aluminum particles
Figure 2.9: SEM image of Al-I2 mechanical alloy particles
2.3.2 TiB2 and Ti-B
Figure 2.10 shows a sample image of the TiB2 powder purchased from
Alfa-Aesar. The powder shows a platelet morphology consistent with the
hexagonal crystal structure of the compound. TiB2 is a very hard ceramic
material with no oxide layer. The image also shows a few small, bright,
non-platelet like structures which are not TiB2. These are impurities in the
sample from either the manufacturing process or occurred during
preparation for the SEM. The bottom right of Figure 2.7 shows the
histogram of the TiB2 particles. The average particle diameter is 8.6 µm.
Figure 2.11 shows a sample image of the Ti-B mechanical alloy. The
structure of the alloy made it difficult to analyze the particle diameter due
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Figure 2.10: SEM image of TiB2 particles
to the inconsistent shape. The powder tends to be smaller than the TiB2
platelets because it was fabricated on the nano-scale, creating an uniform
consistency with an irregular shape. It appears frequently that smaller
particles are joined to larger particles on a single side due to the milling
process used to create the mechanical alloy. An attempt was made to
quantify the particle diameter, however, due to the irregularity of the
particles and inconsistent edges the results have a large amount of
uncertainty. The bottom left of Figure 2.7 shows the histogram of the Ti-B
particles. The average particle diameter is 4.2 µm.
Figure 2.11: SEM image of Ti-B mechanical alloy particles
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CHAPTER 3
RESULTS AND DISCUSSION
The following sections present the photometry, spectroscopy, and
pyrometry results from multiple tests performed in the heterogeneous shock
tube. The results will be presented in sections for each measurement type
and sub-sections for each of the metal alloys investigated. The performance
of the metallic alloys was compared to base cases of aluminum and titanium
diboride (TiB2) respectively.
3.1 Spectroscopic Measurements
The spectroscopic measurements are used to determine gas phase species
present during the combustion event in the heterogeneous shock tube. The
measurements made are not time resolved. The spectra are all time
integrated over the entire event combustion event and spatially averaged
over the entire viewing angle. The measurement is primarily an indication
of what intermediate molecular and atomic species occur during the
combustion. From these data, combustion indicators can be determined to
be used in photometry measurements. The spectroscopic measurements
also give an indication of key reaction pathways.
3.1.1 Ti-B System Emission
Multiple spectra of the Ti-B system were taken in the visible and ultraviolet
region. The predominant features seen are of gaseous BO2 and TiO. The
features can be seen in Figure 3.1. Potassium (K) and sodium (Na) atomic
lines were found in all spectra and are due to impurities primarily found in
the shock tube and in the samples. The BO2 spectra seen in Figure 3.1
matches well with spectra previously recorded by Yoshida et al. which
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investigated boron combustion in humidified air at ambient temperatures
near 1600 K [18]. BO2 is an important gas phase intermediate species in
boron combustion due to the reaction re-stated below 3.1.
B(s) +O2 → BO2 (3.1)
Figure 3.1: Emission spectra of the Ti-B alloy at 2650 K and 8.5
atm in a 20% O2 - 80% Ar mixture in the 460-860 nm wavelength
range
The BO2 rotational structure is very dense and cannot be resolved with
the instrumentation used. The rotational structure of TiO was resolved
using a higher resolution set-up. The A-X ∆v=0 and ∆v=+1 vibrational
bands of TiO are seen in Figure 3.2. TiO has been heavily investigated due
to its presence in interstellar spectroscopy; the band heads seen in Figure
3.2 match well with previous data [19].
No atomic boron or titanium emission lines are seen during the
combustion event which is consistent with the heterogeneous combustion
mechanism. This observation is in contrast with homogeneous combustion,
where gaseous fuel diffuses out of the particle and can be seen in emission.
Both boron and titanium are well known to be heterogeneous burning
particles, and therefore the lack of atomic emission is expected [11, 3].
The spectra of the titanium diboride compound (TiB2) was identical to
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Figure 3.2: Emission spectra of the Ti-B alloy at 2650 K and 8.5
atm in a 20% O2 - 80% Ar mixture highlighting TiO emission in
the 675-750 nm wavelength range
that seen for the Ti-B alloy. The comparison can be seen in Figure 3.3
below. This result does not conclude that the combustion processes are
identical, but the it does indicate that both the compound and alloy had
similar gas phase intermediate species, suggesting that any difference in
combustion performance is likely surface reaction phenomena.
The interaction between the titanium and boron in the mechanical alloy
is of interest. No spectroscopic features of titanium borides (TiB, TiB2)
indicating titanium-boron reaction are known and therefore could not be
seen under test conditions. This does not preclude the formation of these
species. TiB and TiB2 are primarily ceramic condensed phase species and
are likely oxidized before volatilization.
3.1.2 Al-I2 System Emission
Mulitple spectra were taken in the visible and ultraviolet region to
determine the primary gas phase species that occur during the Al-I2 and
aluminum combustion. The emission spectra of Al-I2 seen in Figure 3.4.
The strong aluminum monoxide (AlO) B-X transition is clearly seen in the
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Figure 3.3: Emission spectra comparison of the Ti-B alloy and
TiB2 compound at 2650 K and 8.5 atm in a 20% O2 - 80% Ar
mixture in the 600-900 nm wavelength range
450-530 nm range. Aluminum monoxide has consistently been used as a
combustion indicator in previous publication [1, 15]. The sodium atomic
line is again present in the emission spectra due to impurities in the shock
tube and sample. The strong atomic aluminum lines not shown in the
wavelength range below are also seen at 394.4 and 396.15 nm. These lines
have previously been observed for aluminum combustion at the conditions
being tested [15].
The spectra seen from the Al-I2 alloy is the same as that seen from pure
aluminum powder. Attempts were made to observe iodine and iodine
containing species during the combustion event in emission but were
unsuccessful. At the temperatures and pressures being considered
approximately 98% of the iodine is disossociated into elemental iodine at
equilibrium. Elemental iodine does not emit strongly in the near ultraviolet
or visible region.
Attempts were made to observe elemental iodine transition at 183.04 nm
and 905 nm. These wavelengths are two of the stronger elemental iodine
transitions within the experiments observable region according to NIST. In
order to observe the 183.04 nm transition it was necessary to purge the
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Figure 3.4: Emission spectra of the Al-I2 alloy at 2650 K and 8.5
atm in a 20% O2 - 80% Ar mixture in the 400-600 nm wavelength
range
spectrometer of oxygen and place it as near the shock tube as possible to
reduce the path length the photons travel through O2. The resonant 184.95
nm mercury line was readily observed for calibration. The test was run in
pure argon to further limit oxygen absorption although oxygen is still
present from the aluminum oxide layer. Using this, the elemental iodine
transition at 183.04 nm was not seen in emission. The attempt to observe
the 905 nm transition of elemental iodine was also done in a pure argon
atmosphere to avoid potential iodine reaction with other constituents. This
attempt was also unsuccesful, possibly because the higher energy state of
this transition is 65669.99 cm−1 which is extremely difficult to thermally
excite to a high population.
Although the majority of the iodine is in elemental form, an effort was
made to see I2 emission. No previous efforts have been made to view I2
emission at the temperatures being considered in this study. Phillips et al.
performed tests using a hydrogen oxygen flame seeded with I2 which most
closely resembles the conditions of the current experiment [20]. The study
by Phillips et al. was unable to resolve banded structure of I2.
Also of interest is the interaction of the iodine with aluminum and
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oxygen. Aluminum monoiodide (AlI) has been seen in emission before using
an A.C. discharge in a T-tube sealed with AlI3 present [21, 22]. There is a
continuous A-X absorption spectra with diffuse absorption maxima in the
near ultraviolet region between 330-360 nm results resulting from the
transition between the ground electronic state and an unstable first excited
upper state. This band was previously shown in absorption by Barrow et
al. [22]. The diffuse nature of this transition make it non-ideal as a
combustion marker. An unsuccessful attempt was made to view this
transition in emission which has not been observed before. Banded emission
structure has previously been seen for the a3Π1-X
1Σ+ transition, also
observed in an A.C. discharge experimental set-up. This transition requires
singlet-triplet mixing which is weak, but can be seen due to the heavy
nature of the AlI molecule. The ∆v=0 transition was previously observed
in emission between 450-460 nm. In the aluminum, oxygen, and iodine
system the AlO emission significantly dominates the emission spectra at
these wavelengths. Tests were run in pure argon to reduce AlO interference
in an attempt to view the AlI emission, but the oxygen from the oxide layer
still created AlO emission which was significantly strong and no AlI
emission was resolved. Figure 3.5 shows a comparison between aluminum
and Al-I2 in the region of interest. No discernable difference is present
between the two spectra indicating a lack of detectable AlI emission.
Attempts were made to observed iodine monoxide (IO) emission which
has previously been seen in laser induced fluorescence (LIF) experiments.
In the LIF experiments the ∆v=-2 transition was found to be the strongest
of all bands and has a band head located at 445 nm [23]. This emission
band was similarly dwarfed by AlO emission at 445 nm in these
experiments which made it impossible to resolve. This result is seen in
Figure 3.6 where the comparison between aluminum and the Al-I2 alloy also
shows no discernible difference in the spectra. The emission bands of IO are
if iodine monoxide was present a band head peak would be evident at 445
nm which is not observed.
It was hypothesized that the lack of iodine and iodine containing species
in the emission spectra was due to particle release of iodine when exposed
to the incident shock ambient conditions prior to the arrival of the reflected
shock, preventing the iodine from reaching the test section. To test this,
experiments were run with the particles loaded on a knife blade attached to
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Figure 3.5: Higher resolution Emission spectra of the Al-I2 alloy
and pure aluminum at 3000 K and 8.0 atm in 100% Ar in the
450-475 nm wavelength range
the end wall. This method of particle loading ensures that the particles are
exposed to both the incident and reflected shock ambient conditions within
the optical viewing angle of the sapphire end section. This method is not
consistently used because it creates a less uniform particle distribution and
causes the combustion event to occur nearer the end wall resulting in more
end wall radiation effects. However, for the purpose of determining if the
iodine release happened before reaching the end section it is an advantaged
method of loading. The results of the knife blade loading similarly showed
a lack of iodine emission. This result suggests that the absence of iodine is
due to a lack of spontaneous emission in the visible region for iodine
containing species at the ambient conditions tested.
3.2 Ignition Delay Measurements
Ignition delay is an important combustion parameter for metal particles in
combustion systems. While metal powders introduce a very energy dense
material into the combustion environment, they are often limited by high
ignition temperatures and slow reactions. The metal alloys provide a
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Figure 3.6: Higher resolution Emission spectra of the Al-I2 alloy
and pure aluminum at 3000 K and 8.0 atm in 100% Ar in the
435-460 nm wavelength range
potential way to improve ignition characteristics while retaining the
energetic component of the additive. This alloying is accomplished by
milling a highly energetic material such as aluminum and boron, with a
material that will assist in ignition, in this case iodine and titanium.
Previous efforts have shown this approach to be an effective way to lower
ignition temperature and ignition delay time [24].
3.2.1 Ti-B Ignition Delay Measurements
The ignition delay of the mechanical alloy was found to be significantly
shorter than that of the titanium diboride compound. Figure 3.7 shows a
comparison of the mechanical alloy and the compound ignition behind the
reflected shock. Clearly, the mechanical alloy is seen to ignite appreciably
faster than the compound behind the reflected shock. The rises in the
luminosity traces after the initial peak are due to particle motion towards
the end wall. It will be seen later in the high speed images from the
burning time measurements that the Ti-B and TiB2 system have significant
particle movement during the long combustion times.
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Figure 3.7: Normalized ignition plot from end-wall photodiode
demonstrating increased ignition rate of Ti-B alloy. Ambient
conditions were 2300 K, 5 bar, 20%O2-80%N2 conditions.
Table 3.1: Ignition delays comparison of the Ti-B mechanical
alloy and the TiB2 compound
Table 3.1 shows the ignition delay measurements for each material under
multiple reflected shock temperatures. The titanium diboride compound
did not ignite at temperatures below ∼2300 K. This observation
corresponds with the accepted ignition temperature of boron, which is
expected since the photodiode is filtered around the 546 nm BO2 molecular
emission. The mechanical alloy was found to ignite at all temperatures
tested down to 1600 K. Temperatures below 1600 K could not be achieved
using the reflected shock method of ignition.
Tests were run with the photodiode filtered around 705 nm to monitor
TiO emission. Figure 3.8 shows a comparison of the ignition results
monitoring TiO and BO2 during the same test. To do this one of the
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photodiodes was placed at the side wall of the sapphire section. This set-up
does not guarantee that both photodiodes are monitoring the same
emission but the results show relatively similar luminosity traces. The
initial peak from each test show incredibly similar rise times indicating that
the ignition of the boron and titanium particles is simultaneous. Figure 3.9
shows a similar plot for the same test using instead the TiB2 compound.
Interestingly the luminosity traces do not overlay during ignition. The TiO
trace is shown to approach peak intensity at significantly faster rate.
Titanium is known to ignite faster than boron and this may be evidence of
a significant shift in ignition due to oxidation in the compound and a much
faster non-oxidation method of ignition in the mechanical alloy.
Figure 3.8: Comparison of ignition profile monitoring TiO and
BO2 for the Ti-B mechanical alloy.
It has been hypothesized that the exothermic intermetallic reaction
between titanium and boron in the mechanical alloy that produces TiB2
can potentially raise the particle temperature enough to volatilize the oxide
layer sooner than during traditional metal combustion and induce earlier
ignition. This hypothesis agrees with the previously discussed result that
showed a shift in the relationship between the BO2 and TiO ignition
luminosity traces. However this is not conclusive evidence of the
intermetallic reaction occuring.
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Another potential cause of the fast ignition rate for the mechanical alloy
can be associated with the particle description. The mechanical alloy is
fabricated on a nano-scale basis and although the particles were sieved
between 5-10 µm the imaging shows that they are highly irregular in shape.
Smaller particles are known to ignite at faster rates and the bonds holding
together individual molecules within each particle are not likely as strong as
those in the hexagonal crystalline structure of TiB2. The mechanical alloy
may more readily spallate into smaller nano clusters upon rapid heating
which causes it to ignite faster.
Figure 3.9: Comparison of ignition profile monitoring TiO and
BO2 for the TiB2 compound.
It should be mentioned that the TiB2 compound must undergo
disassciation before ignition can occur so a direct comparison is not
necessarily accurate. Conversely, TiB2 does not have an oxide layer coating
that will interfere with oxidation. These two effects act to negate each
other in terms of ignition delay when compared to the Ti-B mechanical
alloy. The incident shock also raises the temperature near the disassication
temperature of TiB2. If the TiB2 disossciates in the incident shock those
molecules would potentially react with the oxygen before the reflected
shock, but no significant emission was seen from the end wall photodiode.
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3.2.2 Al-I2 Ignition Delay Measurements
The ignition delay of the Al-I2 mechanical alloy was found to be similar to
that of pure aluminum for temperatures above ∼2200 K. Aluminum was no
longer seen to ignite below 2200 K which is consistent with previous studies
[17]. Figure 3.10 shows a comparison of Al-I2 and aluminum ignition at
temperatures near 2550 K. The ignition traces are nearly identical.
Figure 3.10: End wall ignition traces of aluminum ad the Al-I2
mechanical alloys at 2550 K and 5.5 atm in 20% O2 and 80% N2.
At temperatures below 2200 K the aluminum and Al-I2 mechanical alloy
no longer exhibit the same ignition trace features. Figure 3.11 shows the
ignition traces of each at temperatures below 2200 K. The Al-I2 mechanical
alloy still shows a rapid rise similar to that seen at temperatures above
2300 K. This rapid rise is followed by a secondary rise that is similar to the
rise seen for the pure aluminum particles. The broader peak seen in both
plots is from the fine particles in both powder samples. Aluminum ignition
temperature is a strong function of particle diameter. Tests were run with
particles that were sieved to be greater than 10 µm, and these plots did not
show a broad peak at low temperatures. Also, at higher temperatures no
secondary peak was seen. With these results it was concluded that the
broader peaks seen at lower temperatures in both samples were due to fine
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aluminum particles smaller than 1 µm igniting at temperature below 2300
K. This hypothesis was tested by injecting particles larger than 10 µm.
This test showed no evidence of a background peak.
Figure 3.11: End wall ignition traces of aluminum ad the Al-I2
mechanical alloys at 1950 K and 5.5 atm in 20% O2 and 80% N2.
Dreizin also found the ignition temperatures for the Al-I2 mechanical
alloy to be lower than pure aluminum. The experiments by Dreizin found
ignition to occur at temperatures as low as 800 ◦C at heating rates of 10,000
K/s [6]. The shock tube heating rate is approximately 107 K/s and the
ignition temperature increases with increasing heating rate.
It was suggested by Dreizin that the rapid release of iodine bound to
crystalline aluminum potentially causes disruption of the alumina shell
which leads to enhanced oxygen transport to the aluminum surface. At
lower temperatures Dreizin found that the Iodine released from the
aluminum in two stages. The first stage correlates to the temperatures at
which AlI3 and I2 evaporate. The second and largest stage corresponds to
the melting of the aluminum near 600 ◦C. Oxidation of aluminum was
found to occur in 4 stages, three of which were dependent on heating rate.
The independent stage corresponded to the aluminum melting temperature.
The oxidation was determined by measuring the increase in mass [6] of the
particle.
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Another potential cause for the fast ignition delay could also be due to
the particle description. As previously mentioned, the mechanical alloys are
fabricated on the nano-scale. The initial peak trend is similar to that seen
for nano-sized aluminum particles and could be due to some of the
mechanical alloy spallating behind the incident or reflected shock into nano
sized clusters. Nano particle ignition is a strong function of temperature
and this could also explain the reason that Al-I2 is seen to ignite at
temperatures below 2200 K.
3.3 Burning Time Measurements
The burning time measurements can give insight into both the reaction
speed and the flame structure of the burning particle. The reaction speed is
important in many applications that require rapid energy release such as
explosives and rockets. The dependence of burning time on particle
diameter gives insight into the flame structure; a diffusion and surface area
controlled flames tend to follow a d2 correlation as found in the droplet
flame example. Reaction rate limited flames theoretically shift to a linear
dependence, d1, with diameter.
The burning time is measured by monitoring the luminosity of the
combustion event at wavelengths where molecular gas phase emission is
strong. The assumption is made that the luminosity at these wavelengths
directly correlates to the burning time. This assumption is valid where the
concentration of the emitting species being monitored rises and falls with
direct relation to the combustion event. The images from the burning time
are vertically integrated in intensity at each time step assuming an even
axial distribution. Figure 3.12 shows an example image sequence.
The intensity is plotted against time for each axial location, from this the
burning time is measured at each axial location and averaged over the
combustion cloud. A particle motion correctional shift is made by
calculating the cloud centroid at each time step. The difference in the
centroid is applied to each axial location. Figure 3.13 shows an example
plot for the analysis of the corresponding picture sequence shown before in
Figure 3.12. On the left of Figure 3.13 is a plot of intensity versus pixel
location. This is used to calculate the centroid of the particle cloud. It can
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Figure 3.12: Example image sequence used for measuring particle
burning time
be seen that the particle cloud intensity follows a gaussian profile, and the
centroid of the cloud remains relatively constant over the 80 µs time frame.
On the right is the plot of the temporal intensity profile for five different
pixel locations. These plots are used to calculate the burning time.
The burning time can be quantified multpile ways from the luminosity
traces. The common methods include the constant intensity cutoff method,
the full-width at half maximum (FWHM) method, and the percent total
area method. Previous work with aluminum combustion has used the
percent area method. To do this the burn time is defined as the time
between 10%-90% of the total integrated intensity signal [1, 15]. The
method is illustrated in Figure 3.14 below. Because the particles remain
heated at the elevated temperatures behind the reflected shock, a linear rise
in the baseline intensity is assumed and subtracted before the luminosity
curve is integrated to determine the 10%-90% area burning time. The
background rise begins at the onset of the rise in luminosity and maximizes
at the intensity peak. Details on the background fitting procedure are
explained in Reference [25].
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Figure 3.13: Example of image processing plot for burning time
calculation. Intensity vs. Pixel at specific time steps (left).
Intensity vs. Time at specific pixel locations (right)
3.3.1 Ti-B
Titanium and boron are slow burning metal particles due to their
heterogeneous flame structure. The particles were tested in oxygen and
water vapor containing environments at ambient temperatures of 2650 K
and 8.5 atm to determine their burning time. Figure 3.15 shows a high
speed image sequence of the Ti-B alloy combustion behind the reflected
shock. There is significant particle movement behind the reflected shock
due to the long combustion time. The first image shows the faint onset of
luminosity. The combustion becomes more luminous in in the proceeding
pictures and begins to fade around 1000 µs. At 1300 µs the combustion is
clearly finished and the remaining luminosity is due to boria (B2O3)
particles thermal emission at the elevated temperature.
The burning times of the Ti-B alloy and the titanium boride compound
are listed in the Table 3.2 below. The burning times between the two were
similar within the standard deviation of tests. At least four tests were run
for each condition. The fact that the burning times were similar is not
unexpected. The alloying process is shown to improve prompt ignition
characteristics, however, the oxidation of the boron and titanium particles
is not necessarily changed between the compound and alloy once ignition
has begun.
The measured burning times for the Ti-B alloy and TiB2 compound in
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Figure 3.14: Example of percent area 10%-90% burn time
calculation including background subtraction and linear thermal
rise
Table 3.2: alculated burning times of Ti-B and TiB2 in 20%O2
and 80%Ar at 2650K and 8.5 atm
air correspond well with previous results for boron. This result is expected
because the set-up was designed to monitor BO2 emission and therefore the
measurement is indicative of the boron combustion process. Krier et al.
found the combustion time for 10 µm boron particles at pressures near 30
atm to be between 1.5-2 ms in a high-pressure combustion chamber[14].
The heating rate and ambient gas concentrations are significantly different
in the two experiments, however the ambient temperature and pressures are
comparable, and the similar findings give validation to the present results.
Tests were also run in a 40% H2O and 60% Ar environment at 2650 K
and 8.5 atm. Boron combustion in environments containing water vapor
have been studied to a great extent due to the metaboric oxide complex
previously mentioned. The tests run with TiB2 and the Ti-B alloy in water
vapor continued to combust beyond the test time of the shock tube and
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Figure 3.15: High speed image sequence of Ti-B alloy combustion
in 20%O2-80%Ar at 2650 K and 8.5 atm
cannot be quantified accurately. The image sequence in Figure 3.16 shows
significant luminosity well after the test time where the ambient conditions
can be determined.
3.3.2 Al-I2
Aluminum is a much faster burning metal particle compared to titanium
and boron due to the gas phase combustion aluminum undergoes.
Aluminum combustion burning times have been extensively studied using
the heterogeneous shock tube in previous studies which varied oxidizer,
oxidizer concentration, pressure, temperature, and particle size [26]. The
burning time was previously measured using axially fixed photodiodes. In
these experiments the burning time is being measured using spatially
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Figure 3.16: High speed image sequence of Ti-B alloy combustion
in 40% H2O-60% Ar at 2650 K and 8.5 atm
resolved high speed imaging in the present study. Figure 3.17 shows a high
speed image sequence of Al-I2 combustion in the heterogeneous shock tube.
The Al-I2 alloy and aluminum particles had similar burning times within
the standard deviation of multiple runs. Table 3.3 shows the average
burning time and standard deviation of more than five similar tests for each
particle type. The values found for aluminum at these conditions compare
well with previous data found in the heterogeneous shock tube under
similar conditions [26].
Table 3.3: Calculated burning times of Al-I2 and aluminum in
20%O2 and 80%Ar at 2650K and 8.5 atm
The overall combustion reaction of the Al-I2 results primarily in alumina
particles if the combustion goes to full completion. Since the species being
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Figure 3.17: High speed image sequence of Al-I2 alloy combustion
in 20%O2-80%Ar at 2650 K and 8.5 atm
monitored in the image sequence is aluminum monoxide (AlO), it is
expected that Al-I2 and aluminum would have similar overall burning times
unless the presence of iodine added a new reaction pathway for oxygen to
react with the aluminum particle. An example hypothesized pathway is
seen in Equation 3.2, however, such a pathway cannot be deduced from the
data found. The iodine can potentially disrupt the oxide layer to induce
earlier ignition, as found in earlier results, and create bare aluminum
surface for aluminum to diffuse through and react with oxygen. This
process does not necessarily affect the burning time because the burning
time is measured by monitoring the reaction of the aluminum gas with
oxygen in the form of AlO.
AlI(g) +O → AlO(g) + I (3.2)
Measurements of aluminum and Al-I2 burning times were also performed
in carbon dioxide (CO2) environments. These environments are of interest
because in many applications the aluminum is being oxidized in post
combustion gases of more readily ignited liquid fuels. Figure 3.18 shows an
image sequence of Al-I2 combustion in CO2. In carbon dioxide
environments a two stage combustion event appears to occur. The
combustion front visually jumps toward the end wall at approximately 130
µs. A clear separation between the initial combustion front and secondary
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combustion front occurs nearer the end wall. This result is unexpected
since the particles near the end wall are exposed to the elevated
temperature and pressure before the particles that ignite at 100 µs. The
discontinuity between the two fronts suggests that this phenomena is not
due to particle motion, as the initially ignited particles appear to die out as
those nearer the end wall begin ignition. The same phenomena was
previously recorded by Lynch for aluminum combustion in CO2 and is seen
here for both alumninum and Al-I2 [15]. This discontinuity in combustion is
potentially explained by a two-stage combustion process that occurs in CO2
but no other empirical evidence of such a process has been seen.
Figure 3.18: High speed image sequence of Al-I2 alloy combustion
in 50%CO2-50%Ar at 2650 K and 8.5 atm
The burning times for the Al-I2 and aluminum particles are similar
within the standard deviation of the tests performed. The calculated
burning time values can be seen in Table 3.4. The burning time values
calculated compare favorably with the previous study performed by Lynch
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for aluminum particles [26].
Table 3.4: Calculated burning times of Al-I2 and aluminum in
50%CO2 and 50%Ar at 2650K and 8.5 atm
3.4 Pyrometry Measurements
Pyrometry measurements give insightful information on the temperature of
condensed phases reacting in the combustion cloud. The 3-color pyrometer
provides time-resolved temperature of the condensed phases. Three signals
are recorded from each wavelength filtered PMT which are then frequency
filtered to reduce the noise in each signal. Figure 3.19 shows an example
from TiB2 combustion for the 826 nm signal and the 905 nm signal. The
705 nm signal is not used for the titanium and boron systems due to TiO
molecular interference. The top two images in the plot show the original
signal shifted such that the base line level is at zero. Also in the top two
images is the filtered signal used to calculate the temperature. The filtering
is done before the temperature is calculated because noise in the signal
becomes compounded during the temperature calculation. The bottom plot
is an image of the filtered signals without the original signals plotted over
top.
3.4.1 Ti-B
The titanium boron system has multiple condensed phase constituents
which makes the interpretation of the pyrometry temperature measurement
more difficult. Two color pyrometry measurements assume a constant
emissivity at both wavelengths being investigated. This assumption is
questionable for systems with multiple condensed phases. The titanium
boron system has potentially condensed phase titanium, titanium oxide
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Figure 3.19: Example pyrometry signals with filtering used to
calculate temperature
(TiO2), boron, boria (B2O3), and any potential intermetallic species such as
TiB2. Due to the multiple condensed phases the Ti-B system also likely has
multiple condensed phase temperatures. Absolute emissivity measurements
are difficult and values are currently unknown for titanium, titania, boron,
and boria at the temperatures being considered in this investigation. As
mentioned previously, pyrometry is inherently a peak temperature
measurement due to the T4 radiation dependence if emissivity is
unchanged. Since multiple emissivities and temperatures are present in the
measurement, the measured temperature is potentially an emissivity
weighted convolution of multiple condensed phase temperatures.
Figure 3.20 below shows an example of the calculated two color transient
pyrometry temperature. There is initially a fast temperature rise followed
associated with the reflected shock conditions and the beginning of
combustion. After the initial rise the temperature remains relatively
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constant fluctuating near the ambient temperature of 2650 K. Wall
radiation effects tend to shift the temperature slightly below the true
ambient temperature. A single temperature was recorded for each run
because the temperature tends to remain relatively constant. The
temperature recorded corresponds to the temperature found at the time of
maximum signal intensity for each PMT because there is less uncertainty in
the calculation when the signal to noise ratio is the greatest. The
calculated temperatures for the 2650 K ambient conditions are seen in
Table 3.5 for the alloy and the compound. Significant run-to-run deviation
was found in the recorded temperature measurement which may be due to
the multiple condensed phase temperatures and emissivities within the
system. The most deviation was seen in the compound. This result is
potentially due to a greater concentration of the TiB2 intermetallic species
during the combustion event, adding to the emissivity uncertainty.
Figure 3.20: 2-Color pyrometry transient temperature profile of
the Ti-B alloy in 20%O2-80%Ar at 2650 K and 8.5 atm
Even with the uncertainty in the pyrometry measurement, the ∼ 2500 K
values recorded correspond to a temperature slightly above the
volatilization temperature of boria (B2O3). As boron combusts, oxygen
reacts at the bare boron surface creating additional B2O3. The B2O3 must
then be volatilized for further boron combustion to occur efficiently. It is
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Table 3.5: Calculated peak temperatures of Ti-B and TiB2 and
aluminum in 20%O2 and 80%Ar at 2650K and 8.5 atm
reasonable to hypothesize that the primary condensed phase temperature
within the combustion event is associated with the volatilization
temperature of boria. If titanium, boron, and titania have similar emissive
properties this would imply that the peak condensed phase temperature
present during combustion of the boron containing compounds is due to the
volatilization of boria.
3.4.2 Al-I2
Unlike the Ti-B systems aluminum combustion has been extensively studied
for pyrometry measurements [17]. It is consistently assumed that alumina
is the primary condensed phase present during aluminum combustion. The
addition of iodine to the system is unlikely to create new condensed phase
species because oxygen is more efficient at oxidizing aluminum particles.
Iodine is also only present as a gas at the temperatures and pressures being
considered. Therefore, it is safely assumed that alumina is the primary
condensed phase in both aluminum and Al-I2 combustion. This argument
also suggests that the condensed phase temperature measurements are
likely to remain unchanged with the addition of iodine into the system.
An example 3-color transient temperature profile of Al-I2 can be seen
below in Figure 3.21 below. The temperature is seen to rise significantly
above ambient where it settles at an average temperature of approximately
3360 K. The temperature remains relatively constant for approximately 200
µs during combustion and then decays rapidly to an average temperature
slightly below the measured ambient conditions. The wall radiation tends
to reduce the measured pyrometry temperature slightly below the ambient
temperature. The pyrometry data in Figure 3.21 appears to fluctuate more
than that in Figure 3.20 because of the shorter time scale.
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Figure 3.21: 3-Color pyrometry transient temperature profile of
the Al-I2 alloy in 20%O2-80%Ar at 2650 K and 8.5 atm
The pyrometry measurements for both aluminum and the Al-I2 alloy
were similar and correspond well with previous data taken for aluminum
combustion [17]. Pyrometry traces similar to those seen in Figure 3.21 are
indicative of homogeneous combustion. A single temperature was recorded
for each measurement which is an average of the constant elevated
temperature during the combustion process. These values can be seen in
Table 3.6. Pyrometry measurements were also performed on both systems
in the 50% CO2 50% Ar environment. The temperature traces again
resembled the homogeneous combustion temperature profile seen in Fig
3.21 and the values of the peak temperature are tabulated in Table 3.6 as
well. The average Al-I2 alloy temperature is systematically lower than the
aluminum temperature in both environments, but are similar within the
±150 K uncertainty of the measurement.
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Table 3.6: Calculated peak temperatures of the Al-I2 mechanical
alloy and aluminum in various environments
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CHAPTER 4
CONCLUSIONS AND
RECOMMENDATIONS
4.1 Summary and Conclusions
This work has provided a large quantity of experimental information on the
combustion of Ti-B and Al-I2 mechanical alloys and compared the results
to base line cases of TiB2 and aluminum. Specifically, spectroscopy,
photometry, and pyrometry were employed to determine combustion
characteristics such as burning time, ignition delay, temperature, and
intermediate gas phase species. The following conclusions can be drawn
from the experimental results presented.
• Spectroscopic measurements investigating the emission of the
mechanical alloys and the base line samples have shown that:
– The primary gas phase species found in the Ti-B mechanical
alloy and the TiB2 were TiO and BO2 in oxygenated
environments at temperature above 2300 K. Both species could
be potentially used for combustion diagnostics in future work
used attempting to measure burning times Ti-B systems.
– The Ti-B mechanical alloy and the TiB2 were shown to be
absent molecular interference at the pyrometry wavelengths of
826 nm and 905 nm.
– The primary gas phase species found in the Al-I2 mechanical
alloy and the aluminum were AlO and atomic Al in oxygenated
and carbon dioxide environments.
– Iodine and iodine compounds were not seen in emission under
the experimental conditions tested in the study. Efforts to view
AlI and IO were inconclusive due to strong AlO emission in the
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region. I2 was not seen due primarily to a small concentration
and a lack of significant banded emission at such elevated
temperatures. Atomic iodine was not seen due to a lack of strong
emitting transitions within the near-UV and visible region
investigated.
• Photometric measurements investigating the ignition of the
mechanical alloys and the base line samples have shown that:
– The Ti-B mechanical alloy was shown to have an ignition delay
an order of magnitude smaller than the TiB2 compound. The
alloy was found to ignite at all ambient temperatures tested
down to 1500 K in oxygen/diluent environments.
– The Al-I2 mechanical alloy was shown to ignite at temperatures
lower than aluminum. Al-I2 was found to ignite at temperatures
down to 1600 K while aluminum no longer readily ignited below
2200 K. Above 2200 K the ignition delay of the mechanical alloy
and aluminum were similar.
• Photometric measurements investigating the burning time of the
mechanical alloys and the base line samples have shown that:
– The Ti-B mechanical alloy and the TiB2 compound were shown
to have similar burning times in oxygenated environments. This
suggests that while the alloying process induces earlier oxidation,
the alloying process does not significantly affect the overall
oxidation mechanism of the boron and titanium particles.
– The Al-I2 mechanical alloy and aluminum were shown to have
similar burning times in oxygenated and CO2 environments. In
CO2 environments a two stage combustion process noted
previously was seen for both the alloy and the aluminum powder
[15].
• Pyrometry measurements investigating the condensed phase
temperature of the mechanical alloys and the base line samples have
shown that:
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– The Ti-B mechanical alloy and the TiB2 compound were shown
to have similar condensed phase temperatures in oxygenated
environments near 2500 K that stabilized during the entire
combustion event, indicating heterogeneous combustion.
– The Ti-B system temperature of 2500 K is known to be slightly
above the volatilization temperature of boria, suggesting that
the primary condensed phase emission may be due to B2O3.
This cannot be decisively concluded due to the large uncertainty
in the emissive properties of the system.
– The Al-I2 mechanical alloy and aluminum were shown to have
similar condensed phase temperatures in oxygenated
environments near 3200 K.
– The temperature profile for both the Al-I2 mechanical alloy and
aluminum suggested homogeneous combustion due to the
temperature rise and stabilization above the ambient during
combustion followed by a rapid decrease in temperature to the
ambient condition.
4.2 Recommendations for Future Work
The study provided a large amount of experimental findings on novel
mechanical alloy material combustion in the heterogeneous shock tube.
Efforts should continue to investigate potential composite materials that
would be tailor suited for specific applications including mechanical alloys.
intermetallic, and thermites. Of great interest is further work with iodine.
The present study was unable to find spectroscopic evidence of iodine in
the emission spectrum, however, iodine has great potential in biocidal
applications and determining the role it plays in the ignition process is
important. There is potential to view iodine species outside of the near
ultraviolet and visible region that should be investigated for future
application. Also, efforts need to be made to further determine if indeed
the intermetallic reaction is occurring to induce early ignition in the
mechanical alloy powders. This would likely require a series of tests with an
improved method of particle sampling due to the lack of gas phase species
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produced in the Ti-B reaction. Additionally, improvements to the shock
tube are ever possible. Ideally, a diaphragmless shock tube could greatly
increase the repeatability of tests and remove diaphragm particles from the
shock tube. It has yet to be determined if a diaphragm-less section is
feasible for the current set-up.
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